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Glycol chitosan (GC)-grafted fullerene (GC-g-Cgp) conjugates were developed for use in photodynamic
therapy of tumor cells. GC-g-Cgp was synthesized in anhydrous benzene/dimethylsulfoxide (DMSO)
co-solvent via the chemical conjugation of free amine groups of GC to C=C double bonds of Cgy. The
GC-g-Cgo with 5 x 10~# Cgp molecules per one repeating unit of GC was soluble in water. As Cgo molecules
conjugated to GC increased to 0.16 molecules per one repeating unit of GC, GC-g-Cgo started to form
supramolecular assemblies (~30 nm) stabilized in phosphate buffer saline (PBS, 150 mM, pH 7.4). Upon
670 nm light illumination, photo-responsive properties of GC-g-Cgo allowed tremendous singlet oxygen
generation in tumor cells for super phototoxicity. GC-g-Cgo also showed highly increased tumor accumu-
lation ability for in vivo tumor of KB tumor-bearing nude mice. It is expected that our GC-g-Cgp conjugate

may be a good candidate for in vivo photodynamic therapy in various malignant tumor cells.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fullerene (Cgg) is a soccer-ball-shaped truncated icosahedron
with 12 pentagons (due to Cs—Cs single bonds) and 20 hexagons
(C5—Cg double bonds) (Mintmire, 1996; Bosi et al., 2003). Since
the remarkable discovery of Cgo in 1985, significant advances have
been made in the development of modified fullerenes by exohe-
dral derivatization using additional chemicals, polymers, proteins,
antibodies, and genetic vectors (Bosi et al., 2003; Wei et al., 2010;
Zhu et al., 2008; Hahn et al., 2007; Nakamura and Isobe, 2003). One
of the most distinct features of these exohedral fullerenes is that
their functionality that can be applied as antitumoral, antibacte-
rial, antiviral, antioxidant, and diagnostic agents (Mintmire, 1996;
Bosi et al., 2003; Wei et al., 2010). In particular, fullerenes’s poten-
tial as a drug material for photodynamic therapy has been applied
to improve chemo-therapeutic efficacy against tumor cells (Chen
et al., 2005). It has been well-established that fullerenes are a
potent photo-sensitizer that readily transfers the exited energy
to oxygen molecules, resulting in reactive oxygen species (ROS)
production (Anton et al., 1996). The photodynamic effect from the
light-sensitization of fullerenes is the key contributor for the their
photodynamic applications in therapy. Recent trials in fullerene
design for photodynamic antitumor therapy have been directed
towards the development of water-soluble fullerenes or nano-sized
fullerene colloids to target tumor cells (Tabata and lkada, 1999).
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However, even in the case of the sophistically designed exohedral
fullerenes, there has been a lack of progress in their pharmaceuti-
cal approaches as part of drug discovery, drug delivery, and disease
diagnostics (Antonetal., 1996; Diener et al.,2007; Tabata and Ikada,
1999).

Here, we describe a facile synthesis of fullerene derivatives
for photodynamic therapy. We utilized a chemical modification
strategy by chemically conjugating the free amine groups of gly-
col chitosan (GC) to the C=C double bonds of fullerene (Fig. 1a).
GC-grafted fullerenes were easily synthesized in anhydrous ben-
zene/dimethylsulfoixde (DMSO) co-solvent at room temperature.
GC, aderivative of chitosan and water soluble over a large pH range,
is known to posses potentially biocompatible and biodegradable
properties (Oh et al., 2010; Park et al., 2011; Baik et al., 2011; Lee
et al,, 2010, 2011a). Hydrophobically modified GC nanoparticles
has been shown to be able to enclose water-insoluble drugs and
to decrease non-specific interactions with biological components
during systemic circulation (Park et al., 2006; Nam et al., 2009). GC-
grafted fullerenes (GC-g-Cgg ) are expected to provide good stability
(or dispersion) in serum and high photodynamic activity against
tumor cells.

2. Materials and methods
2.1. Materials
Fullerene (Cgp) was purchased from NanoLab Inc. (Waltham,

MA, USA). Glycol chitosan (GC, Mw=500kDa), dimethylsulfox-
ide (DMSO), triethylamine (TEA), anhydrous benzene, sodium
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Fig. 1. GC-g-Cgo preparation. (a) Synthesis scheme and concept of purposed GC-g-Cgo conjugates. (b) "H NMR peak of GC-g-Cgo conjugates.

borate (NayB407), 9,10-dimethylanthracene (DMA), N-N'-
dicyclohexylcarbodiimide (DCC), and N-hydroxysuccinimide
(NHS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
RPMI-1640, fetal bovine serum (FBS), penicillin, and streptomycin
were purchased from Welgene, Inc. (Seoul, South Korea). Chlorin
e6 (Ce6) was purchased from Frontier Scientific, Inc. (Logan,
UT, USA). The Cell Counting Kit-8 was obtained from Dojindo
Molecular Technologies Inc. (Kumamoto, Japan). The Annexin
V-RITC fluorescence microscopy kit was purchased from BD
Pharmingen™ (USA).

2.2. GC-g-Cgp synthesis

Cgo (0.35-71 mg) and GC (100 mg) were reacted in anhydrous
benzene (10 ml)/DMSO (10 ml) co-solvent containing TEA (1 ml) at
room temperature for 2 days (Fig. 1a). After the reaction, benzene
was removed using a rotary evaporator and the resulting solution
was added to a pre-swollen dialysis membrane tube (Spectra/Por®
MWCO 15K) and was dialyzed against borate buffer (pH 7.4) solu-
tion to remove non-reacted chemicals. The solution withdrawn
from a dialysis membrane tube was lyophilized after freeze-drying
for 2 days. The conjugation of Cgg to GC was estimated from 'H
NMR (DMSO-dg with TMS) from the peaks from § 7.26 ppm [—CH
in Cgg part of GC-g-Cgg] and 6 3.50 ppm [—CH,, in GC] (Fig. 1b).

2.3. Characterization of GC-g-Cgg

The particle size distribution of GC-g-Cgo (0.1 mg/ml) was mea-
sured with a Zetasizer 3000 instrument (Malvern Instruments,
Westborough, MA, USA) equipped with a He-Ne laser beam at
a wavelength of 632.8nm and a fixed scattering angle of 90°.
The morphology of GC-g-Cgo (10 pg/ml) was confirmed using
a field emission scanning electron microscopy (FE-SEM, Hitachi
s-4800, Tokyo, Japan). The UV/visible spectra of GC-g-Cgy conju-
gates (0.05mg/ml) and free Cgg (0.05mg/ml) in benzene/DMSO
(50/50 vol.%) co-solvent were monitored at 300-800 nm.

The generation of singlet oxygen of GC-g-Cgo (0.1 mg/ml) was
confirmed using 9,10-dimethylanthracene (DMA) (Park et al., 2011,
2012; Oh et al., 2012). DMA (20 mmol) was mixed with GC-g-Cgg
(0.1 mg/ml) in PBS (150 mM, pH 7.4). The solution was illumi-
nated at a light intensity of 100 mW/cm? using a 670nm laser
source for 10 min. When the DMA fluorescence intensity (measured
using a Shimadzu RF-5301PC spectrofluorometer at Aex 360 nm and
Aem 380-550nm) reached a plateau after 1h, the change in DMA
fluorescence intensity (Ff — Fs) was plotted after subtracting each
sample fluorescence intensity (Fs) from the full DMA fluorescence
intensity (without GC-g-Cgg or Cgp, indicating no singlet oxygen,
Fr) (Park et al., 2011, 2012; Oh et al., 2012). All data were obtained
by using the slit-width of the excitation and the emission of the
spectrofluorometer at 5 nm.

2.4. In vitro phototoxicity

Human nasopharyngeal epidermal carcinoma KB cells were
maintained in RPMI-1640 medium with 2m L-glutamine, 1%
penicillin-streptomycin, and 10% FBS in a humidified standard
incubator with a 5% CO, atmosphere at 37°C. Prior to testing,
cells (1 x 10° cells/ml), grown as a monolayer, were harvested via
trypsinization using a 0.25% (w/v) trypsin/0.03% (w/v) EDTA solu-
tion. KB cells suspended in RPMI-1640 medium were seeded onto
well plates and cultured for 24 h prior to in vitro cell testing (Park
etal, 2011, 2012; Oh et al., 2012).

Phototoxicity of GC-g-Cgp with light illumination was tested in
KB tumor cells (Park et al., 2011, 2012; Oh et al., 2012). GC-g-Cgo
or free Cgg dispersed in RPMI-1640 medium was administered to
cells plated in 96-well plates. The cells were incubated with each
sample for 4 h and then washed three times with PBS (pH 7.4). The
cells were illuminated at a light intensity of 100 mW/cm?2 using a
670 nm laser source for 10 min and then further incubated for 6 h.
Cell viability was determined using a Cell Counting Kit-8 (CCK-8
assay). In addition, the cell viability test of KB cells treated with
GC-g-Cgp without light illumination was conducted to estimate the
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Table 1
Characterization of GC-g-Cgp.

Compound Feeding Cgp molecules per  Conjugated Cgo molecules per
one repeating unit of GC one repeating unit of GC

GC-F1 0.001 5x 104

GC-F2 0.005 2x1073

GC-F3 0.01 2x1073

GC-F4 0.05 2x 1072

GC-F5 0.2 0.16

original toxicity of GC-g-Cgp. The cells were incubated for 24 h with
GC-g-Cgp and then evaluated via a CCK-8 assay.

Tumor cellular apoptosis was also visualized using an Annexin
V-RITC fluorescence microscopy kit (Park et al., 2011, 2012; Oh
et al, 2012). KB tumor cells were incubated with each sample
(equivalent Cgg 5 pg/ml) for 4 h and then washed three times with
PBS (pH 7.4). The tumor cells illuminated at a light intensity of
100 mW/cm? using a 670 nm laser source for 10 min were washed
twice with PBS and stained with 1 ml of Annexin V-RITC (10 wt.%)
for 15 min at room temperature. After staining, the tumor cells were
washed twice with PBS and then fixed using 3.7% formaldehyde in
PBS. A cover slip was mounted on a microscope slide with a drop of
anti-fade mounting media (5% N-propyl galate, 47.5% glycerol and
47.5% Tris-HCl, pH 8.4) to reduce fluorescence photo-bleaching.
Cellular apoptosis was visualized using a fluorescence microscope
(at Aex 570 nm and Aem 595 nm, E-SCOPE 1500F) (Park et al., 2011,
2012; Oh et al.,, 2012).

2.5. Animal care

In vivo studies were conducted with 4 to 6-week old female
nude mice (BALB/c, nu/nu mice, Institute of Medical Science, Tokyo,
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Japan). Mice were maintained under the guidelines of an approved
protocol from the Institutional Animal Care and Use Committee
(IACUC) of the Catholic University of Korea (Republic of Korea).

2.6. Invivo fluorescence imaging

Before the animal test, fluorescent dye (Ce6) (1mg) pre-
activated with DCC (2mg) and NHS (2mg) in DMSO (1 ml) was
tagged to GC-g-Cgp (100 mg) in DMSO (10 ml) at room temperature
and was stirred for 4 h. The solution was filtrated to remove dicy-
clohexylurea (DCU) and then dialyzed with a dialysis membrane
bag (Spectra/Por® MWCO 1K), followed by lyophilization.

For the in vivo animal experiments, KB tumor cells were intro-
duced into female nude mice via subcutaneous injection of 1 x 10%
cells suspended in PBS pH 7.4 (ion strength: 0.15) medium. When
the tumor volume reached about 30 mm?3, Ce6-tagged GC-g-Cgp
conjugates (equivalent Cgg 10 mg/kg body) or PBS solution alone
(ionic strength=0.15, pH 7.4) was injected intravenously into
tumor-bearing nude mice through the tail vein. A 12-bit CCD
camera (Image Station 4000 MM; Kodak, Rochester, NY, USA) pre-
pared with a special C-mount lens and a long wave emission filter
(600-700 nm; Omega Optical, Brattleboro, VT, USA) were used to
capture live fluorescence images of the nude mice (Park et al., 2011,
2012; Oh et al., 2012; Lee et al., 2011a, 2011b).

3. Results and discussion
3.1. Characterization of GC-g-Cgp
GC-g-Cgp was prepared through the chemical reaction between

free amine groups of GC and C=C double bonds of Cgg (Fig. 1a). The
degree of substitution (DS, defined as the number of Cgg molecules
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Fig. 2. Characterization of GC-g-Cgo. (a) Particle size distribution of GC-g-Cgo conjugates: GC-F2, GC-F3, GC-F4, and GC-F5. (b) FE-SEM images of GC-F1 and GC-F5. (c) Optical

image of free Cgp or GC-F5 dispersed in PBS solution (150 mM, pH 7.4, 1 mg/ml).
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Fig. 3. UV/visible spectrum of GC-F5 or free Cso in DMSO/benzene co-solvent. The
concentrations of all samples were fixed to 0.05 mg/ml.

per one repeating unit of GC) ranged from 5 x 10~4t0 0.16 (Table 1),
as determined by the TH NMR (DMSO-dg with TMS) peaks from
6 7.26 ppm [—CH in Cgg part of GC-g-Cgg] to § 3.50 ppm [—CH,
in GC] (Fig. 1b). The conjugation of Cgy is considered to confer
photodynamic activity to the polysaccharidic conjugate and a rich
lipophilicity for self-organized architecture (Park etal., 2011, 2012;
Oh et al., 2012) of the polysaccharidic conjugate. As Cgp molecules
conjugated to GCincreased from 5 x 10~4 to 0.16 molecules per one
repeating unit of GC, GC-g-Cgg was self-organized in PBS (150 mM,
pH 7.4), forming nanoparticles (Fig. 1a). As shown in Fig. 2a, the
average particle size of GC-g-Cgp nanoparticles (prepared using GC-
F2, GC-F3, GC-F4 or GC-F5 in Table 1) was approximately 10-23 nm.
These GC-g-Cgp nanoparticles were stable more than one month
under optimal conditions without any precipitation. Over this time,
the particle size and the transmittance of GC-g-Cgo nanoparti-
cles did not change (data not shown). The morphological images
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Fig. 4. The generation of singlet oxygen of GC-g-Cgp conjugates (equivalent Cgo
0.1 mg/ml) in PBS (150 mM, pH 7.4).

obtained from FE-SEM revealed nearly spherical GC-g-Cgg nanopar-
ticles (GC-F5) at pH 7.4 (Fig. 2b). We detected no difference in the
shape of GC-F2, GC-F3, GC-F4, and GC-F5 nanoparticles (data not
shown). However, GC-g-Cgp with 5 x 104 Cgo molecules per one
repeating unit of GC (GC-F1 in Table 1) was clearly soluble in water
(Fig. 1a), resulting in no detection from the FE-SEM image (Fig. 2b).
In addition, Fig. 2c demonstrated good colloidal stability of GC-F5
nanoparticles due to the hydrodynamic GC cloud surrounding Cgg
molecules, while free Cgy molecules rapidly aggregated in 5 min
and floated in PBS solution due to their low density.

3.2. Light-sensitive GC-g-Cgo

The UV/visible spectrum of GC-g-Cgy conjugate (0.05 mg/ml)
showed distinct absorption bands in the 300-800 nm range due
to the presence of GC and Cgq (Fig. 3). GC-g-Cgo conjugates allowed
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Fig. 5. In vitro antitumor effect of GC-g-Cgp. (a) Phototoxicities were determined using a CCK-8 assay in KB cells treat with free Cgp (0.1-5 g/ml), GC-F1 (equivalent Cgg
0.1-5 pg/ml), and GC-F5 (equivalent Cgp 0.1-5 pg/ml) under light illumination (n=7). (b) Fluorescence images of KB tumor cells treated with free Cgo (1 pg/ml), GC-F1
(equivalent Cgp 1 pg/ml), and GC-F5 (equivalent Cgo 1 g/ml) for 4 h with light illumination. Annexin V-RITC staining (red) depicts apoptotic cells. (c) Cell viabilities of KB cells
treated with free Cgp (0.1-5 g/ml), GC-F1 (equivalent Cgp 0.1-5 pg/ml), and GC-F5 (equivalent Cgp 0.1-5 pg/ml) without light illumination for 24 h (n=7). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. In vivo non-invasive fluorescent imaging of nude mice harboring KB tumors. GC-F1 (equivalent Cso 10 mg/kg body), GC-F5 (equivalent Cgo 10 mg/kg body), or only
PBS (ion strength=0.15, pH 7.4) was intravenously injected into nude mice and fluorescent images were obtained after 4 h.

a strong optical absorption at 328 nm, different with a strong opti-
cal absorption at 408 nm of free Cgp molecules. The introduction
of GC to Cgg molecules seemed to affect light-sensitization of Cgq
molecules. Interestingly, the improved light absorption of GC-g-Cgg
at 670 nm in the near-infrared (NIR) region is expected to provide
increased excited energy to oxygen molecules to generate reactive
oxygen species (ROS) such as singlet oxygen (Anton et al., 1996;
Bosi et al., 2003; Wei et al,, 2010; Zhu et al., 2008; Hahn et al.,
2007; Nakamura and Isobe, 2003).

Fig. 4 presents the singlet oxygen generation from GC-g-Cgg
conjugate during light illumination. For this test, we utilized 9,10-
dimethylanthracene (DMA) as an extremely fast chemical trap for
singlet oxygen (Park et al., 2011, 2012; Oh et al,, 2012). Fluo-
rescent DMA reacts selectively with singlet oxygen to form the
endoperoxide (Gomes et al., 2005), thus causing the reduction in
the fluorescence of DMA. Herein, we illuminated GC-g-Cgg conju-
gates (equivalent Cgg 0.1 mg/ml) or free Cgg molecules (0.1 mg/ml)
for 10 min at a light intensity of 100 mW/cm? using a 670 nm laser
source. The changes in DMA fluorescence intensity were monitored
in order to confirm singlet oxygen generation from GC-g-Cgg conju-
gates or free Cgo. The change in DMA fluorescence intensity (Ff — Fs)
indicates the generation of substantially more singlet oxygen (Park
et al,, 2011, 2012; Oh et al., 2012). GC-g-Cgp conjugates (GC-F1,
GC-F5) stabilized in PBS (150 mM, pH 7.4) generated higher singlet
oxygen than Cgp molecules aggregated in PBS.

3.3. Antitumoral activity of GC-g-Cgp

Fig. 5 shows the in vitro anticancer therapeutic efficiency of GC-
g-Cgp. The photodynamic cell abelation of GC-g-Cgp under light
illumination was tested for human cervical carcinoma KB tumor
cells. GC-g-Cgp conjugates or free Cgo dispersed in RPMI-1640
medium was administered to cells plated in 96-well plates. The
cells were incubated with each sample for 4h and then washed
three times with PBS (pH 7.4). The cells were illuminated at a light
intensity of 100 mW/cm? using a 670 nm laser source for 10 min
and then further incubated for 6 h. Upon these procedures, GC-F5 or
GC-F1 led torelatively high levels of KB cell death (Fig. 5a), reflecting
highly improved photodynamic cell damage by tremendous singlet
oxygen generation from GC-F5 or GC-F1. Annexin V-RITC staining
(Park et al., 2011, 2012; Lee et al.,, 2011b) showed an extensive
apoptotic cell population induced by GC-F1 or GC-F5, correspond-
ing to a strong red fluorescence in KB tumor cells (Fig. 5b). However,

free Cgp caused less phototoxicity of KB tumor cells. It is inter-
esting to note that GC-g-Cgg conjugates or free Cgy prior to light
illumination were not cytotoxic (Fig. 5c).

In an attempt to further evaluate the potential of GC-g-Cgp as
a photosensitizer for tumor therapy, in vivo efficacy for BALB/c
nu/nu female mice harboring KB tumors was assessed. A fluores-
cent dye (Chlorin e6: Ce6) was coupled to GC-g-Cgg for in vivo
fluorescent imaging (Park et al., 2011, 2012; Oh et al., 2012; Lee
et al, 2011a, 2011b). A 12-bit CCD camera (Image Station 4000
MM; Kodak) prepared using a special lens and a long wave emis-
sion filter (600-700 nm) was used to obtain fluorescence images
of nude mice (Park et al., 2011, 2012; Oh et al., 2012; Lee et al.,
20114, 2011b). In vivo fluorescent images of KB tumor-bearing
nude mice were obtained at 4h after the intravenous injection
of Ce6-labeled GC-g-Cgg conjugates (GC-F1 or GC-F5) or only PBS
through the tail veins of nude mice. We were able to obtain high-
resolution fluorescent images of the tumor site with small volume
(~30mm?) from the nude mice injected with GC-F5 (Fig. 6b), com-
parable to the rapid clearance observed with an injection with
water-soluble GC-F1 (Fig. 6a) or the background condition with
PBS solution (Fig. 6¢). The high accumulation of GC-F5 in the tumor
site can be explained by GC-F5 extravasation from the tumor vas-
culature due to the enhanced permeability and retention (EPR)
effect (Maeda and Matsumura, 2011). It is reasonable to assume
that the efficient delivery of Cgg into target tumor site will enable
a local high dose therapy that maximizes its therapeutic activity
at target site. To substantiate our findings of its potential, fur-
ther investigations such as in vivo tumor inhibition test will be
required.

4. Conclusion

GC-g-Cgp conjugates exhibited an advanced capacity for Cgg sol-
ubilization, the photodynamic tumor cell ablation, and to carry Cgq
in the body. These qualities of GC-g-Cgg are anticipated to increase
the utility of Cgg for photodynamic antitumor therapy. We conclude
that GC-g-Cgp conjugates hold great promise for use in the selective
delivery of anticancer drugs to tumor cells in vivo.
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